Abstract Dietary fat increases carotenoid bioavailability by facilitating their transfer to the aqueous micellar fraction during digestion. However, the specific effect of both quantity and type of dietary fat required for optimal carotenoid absorption remained unexplored. In the present study, the effect of amount and type of vegetable oils on carotenoid micellarization from carrot, spinach, drumstick leaves and papaya using in vitro digestion/Caco-2 cell model have been assessed. Although, dietary fat (0.5-10% w/w) significantly increased the micellarization of carotenoids from all the test foods, the extent of increase was determined by the food matrix (papaya [ drumstick = spinach [ carrot) and polarity of carotenoids (lutein [ b-carotene = a-carotene [ lycopene). Among the dietary fats tested the carotenoid micellarization was twofold to threefold higher with dietary fat rich in unsaturated fatty acids (olive oil = soybean oil = sunflower oil) compared to saturated fatty acids (peanut oil = palm oil [ coconut oil). Intestinal cell uptake of lutein exceeded that of b-carotene from micellar fraction of spinach leaves digested with various oils. However, cellular uptake of b-carotene is depended on the carotenoid content in micellar fraction rather than the type of fat used. Together these results suggest that food matrix, polarity of carotenoids and type of dietary fat determines the extent of carotenoid micellarization from vegetables and fruits.
Introduction
Vitamin A deficiency continues to be a significant public health problem in developing countries including India (WHO report 2009; Laxmaiah et al. 2012) . Studies in preschool and school children reported very high prevalence of sub-clinical vitamin A deficiency (defined as \20 lg/dL serum retinol) in India (Sivakumar et al. 2006; Laxmaiah et al. 2012 ). The pro-vitamin A carotenoids from plant foods are the major source of vitamin A in populations subsisting on vegetarian diet. The recommended dietary allowances (RDA) of vitamin A for Indians is 600 lg/day in adult man which translates to 4800 lg/day of b-carotene, considering the conversion ratio of 1:8 (RDA for Indians, 2010). About 1/3rd of the population in India do not meet these recommended levels and data on time trends of dietary intakes also shows no increase in intakes over the last decade (Ramachandran 2009 ), consistent with observed high prevalence of deficiency. Therefore, dietary diversification, food fortification, biofortification and genetically modified (GM) varieties of staple foods enriched in pro vitamin A carotenoids are being considered as potential food based strategies to control vitamin A deficiency. However, enhancing the bioavailability of carotenoids during routine culinary practice or food processing is perhaps one of the critical factors in improving the vitamin A status.
Carotenoid bioavailability is influenced by numerous factors such as food matrix, quantity and composition of carotenoids and food preparation. For instance bioavailability of carotenoids from vegetables was found to be & Raghu Pullakhandam raghu_nin2000@yahoo.com more when it is consumed with dietary fat (Unlu et al. 2005; Brown et al. 2004; Jayarajan et al. 1980) . The postprandial appearance of b-carotene in triacylglycerolrich lipoprotein fraction was higher with beef-tallow (rich in saturated fat) compared to sunflower oil (rich in unsaturated fat) in women (Hu et al. 2000) . Further, carotenoid absorption was higher with olive oil, rich in monounsaturated fat, compared to corn oil, rich in polyunsaturated fatty acids (Clark et al. 2000) . In contrast, the quantity of fat also appears to exert major influence on carotenoid bioavailability, apart from the source of lipid, from mixed vegetable salads in human subjects (Goltz et al. 2012) . Together, these results unequivocally suggest that both the quantity and composition of dietary fat influence the carotenoid bioavailability. Simulated in vitro digestion followed by measuring the transfer of carotenes to the aqueous micellar fraction is a widely accepted model to measure their bioavailability (Failla et al. 2008; Garrett et al. 1999) . The data obtained using this model is well correlated with that of studies in humans (Reboul et al. 2006) . The microscopic studies have reported unique morphology of carotene pigments in different types of foods, which may also have a bearing on bioavailability (Schweiggert et al. 2012 (Schweiggert et al. , 2014 . Therefore, understanding the effect of both quantity and type of dietary fat on bioavailability of carotenoids from individual foods, in the context of varied food matrix, carotene pigment ultrastructure and carotenoid composition merits attention. In this study we have investigated the effect of quantity and type of fat on the efficiency of carotenoid micellarization from carrot, spinach, drumstick leaves and papaya using simulated in vitro digestion model. Further, we attempted to compare the effect of food matrix and polarity of carotenes on the efficiency of micellarization. Finally, we have also studied the effect of type of dietary fat on intestinal uptake of carotenoids in enterocyte like differentiated Caco-2 cells. The results demonstrate that carotenoid micellarization is determined by their pigment structure, degree of polarity and dietary fat.
Materials and methods

Materials
Carotenoid standards were procured from CaroteNature (Basel, Switzerland). Fetal bovine serum was obtained from Hi-Media (Mumbai, India). Trypsin, L-glutamine, non-essential amino acids, antibiotic and antimycotic mix were obtained from Invitrogen (CA, USA). HPLC grade methanol, dichloromethane were procured from Fisher Scientific (Mumbai, India). Dulbecco's minimal essential medium (DMEM), porcine pepsin, pancreatin, porcine bile extract, butylated hydroxytoluene and all other reagents were obtained from Sigma Chemical Co. (Bangalore, India).
Vegetables and fruit processing
Carrots, spinach, drumstick leaves and papaya are the most commonly consumed carotenoid rich vegetables and fruit, respectively in India and therefore, selected for the study. Orange carrots (Daucus carota), tender leaves of spinach (Spinacia oleracea) and drumstick leaves (Moringa oleifera) and fully ripened papaya (Carica papaya, local variety Surya) were purchased fresh from the local market. The vegetables and fruits were cleaned with milli-Q water twice and pat-dried on a blotting paper. The vegetables were cut into small pieces, microwaved for 3 min at maximum power to simulate cooking, cooled and pureed in a kitchen blender. The papaya fruit pulp was prepared and used directly for the in vitro digestion without cooking as it is generally consumed raw. The vegetable puree or fruit pulp were used immediately for in vitro digestion.
Vegetable oils and fatty acid composition
Vegetable oils were procured locally. The fatty acid composition of the oils was analyzed as fatty acid methyl esters by gas chromatography using an SP-2330 capillary column (30 m X 0Á25 mm; Supelco, Bellefonte, PA, USA) as described earlier (Ghafoorunissa et al. 1995) .
Simulated in vitro digestion
The simulated gastric and small intestinal phases of digestion were carried out as described previously (Pullakhandam and Failla 2007; Garrett et al. 1999) . The digestion reactions (in 50 mL screw cap tubes) contained either 2.0 g of pureed vegetables or fruit pulp in the absence and presence of dietary fat (0-10%, w/w), which was added prior to the initiation of gastric phase of digestion. Briefly, 2 g of food homogenate was mixed with 35 mL of saline, and pH of the contents was adjusted to 2 with 2 M HCl followed by addition of 2 mL porcine pepsin stock solution (40 mg/mL in 100 mM HCl). The final volumes were made to 40 mL with saline, blanketed with nitrogen gas and incubated submersed in a 37°C shaking water bath for a period of 1 h. At the end of gastric digestion, the pH was increased to 6 with 1 M NaHCO3, followed by addition of 3 mL bile extract (60 mg porcine bile extract/mL in 100 mM NaHCO 3 ) and 2 mL of pancreatin (10 mg/mL)-lipase (10 mg/mL) stock solution. The pH of all the samples was adjusted to 6.5 with 1 M NaOH, and the final volumes were made to 50 mL. The samples were then blanketed with nitrogen and incubated as above for 2 h. At the end of digestion, an aliquot of the product (referred as ''digesta'') was centrifuged (5810R, Eppendorf, Germany) at 20,000 g at 4°C for 60 min to separate the aqueous fraction containing mixed micelles. The aqueous fraction was filtered through 0.2 l surfactant free cellulose acetate membrane (Corning, NY 1831, USA) to remove microcrystalline carotenoid aggregates, if any and microbial contamination. The filtrate is referred as the ''micellar fraction''. Aliquots of digesta and micellar fractions were stored at -20°C under a blanket of nitrogen and analyzed within 2-3 days.
Caco-2 cell culture
Caco-2 cells were obtained from the National Centre for Cell Sciences (NCCS, Pune, India), and grown as described previously (Palika et al. 2013) . Briefly, cells, between passages 28-35, were seeded at a density of 50,000 cells/ cm 2 in 6-well plates and cultured in complete DMEM with 10% fetal bovine serum (FBS, supplemented with 1% NEAA, 0.4 mM glutamine and 1% antibiotic-antimycotic solution) and maintained at 37°C in an incubator with a 5% CO 2 /95% air atmosphere at constant humidity.
Carotenoid uptake
Carotenoid uptake from the micellar fraction generated during in vitro digestion of spinach in the absence and presence of 2.5% dietary fat was studied in differentiated Caco-2 cells, at 12-13 days post-confluence as described previously (Pullakhandam and Failla 2007) . Briefly, aliquots of micellar fraction obtained after intestinal digestion were immediately diluted in DMEM (1:4) and fed to the differentiated Caco-2 cells for 3 h. At the end of incubation, the spent medium was removed; monolayers were washed once with ice-cold phosphate-buffered saline (PBS, pH 7.2,) containing 0.5% bovine serum albumin to remove residual carotenoids adhering to the cell surface and twice with PBS only. At the end, cells were scraped into 1 mL PBS, and stored under nitrogen at -20°C for a maximum of 2-3 days before analysis.
Extraction of carotenoids
Total carotenoids were extracted as described previously (Pullakhandam and Failla 2007) . Briefly, the vegetable puree or fruit pulp (2 g) was mixed with methanol and saponified. The carotenoids were then extracted with petroleum ether:acetone (2:1 vol/vol), dried under nitrogen and analyzed by HPLC as described below. The frozen samples of digesta (2 mL), micellar fraction (3 mL), cell pellets (sonicated in 1 mL PBS for 30 s.) were thawed and extracted thrice with an equal volume of petroleum ether:acetone (2:1 vol/vol). The extracts were combined and dried under nitrogen at 37°C. The residue was solubilized in methanol/dichloromethane (80:20 v/v) and analyzed immediately. Using apo-8 carotenal as a recovery standard, extraction efficiency was routinely 95-105%.
HPLC analysis of carotenoids
HPLC analysis of carotenoids was carried out as described previously (Mashurabad et al. 2016) . Briefly, carotenoids were analyzed using Agilent 1100 HPLC system (Agilent, Model 1100, Puala Alto, CA, USA) equipped with an autosampler, and UV-Vis detection system controlled by Chemstation software. Either 50 or 100 lL aliquots of reconstituted carotenoid extracts from digesta or filtered aqueous fraction, respectively were injected and fractionated on a reverse-phase column (ODS, C-18, 250X4.6 mm, 5 lm, Thermo) with methanol: dichloromethane (80:20, v:v) at a flow rate of 1 mL/min. The flow was monitored at 450 nm for a period of 30 min. Carotenoids were identified and quantified by comparing retention times and peak areas with authentic standards.
Statistics
The percent (%) micellarization of carotenoids in the filtered aqueous fraction was computed considering the total carotenoid content in digesta as 100%. Data were analyzed using SPSS version 11.0 (SPSS, Chicago, IL). Descriptive statistics including mean and SD were calculated for the efficiency of micellarization (%) of carotenoids from digested foods. Means were compared using one-way analysis of variance (ANOVA) followed by least significant differences test. Linear regression analysis and Pearson's coefficients were calculated to compare the relationship between b-carotene content in the micellar fraction to that of its intestinal cell uptake. All experiments were conducted in triplicate and each experiment was repeated twice to provide six independent observations. Differences were considered significant at P \ 0.05.
Results
Carotenoids content of vegetables and fruits and fatty acid composition of dietary fat
The carotenoid content of test foods is given in Table 1 . The b-carotene content of carrot was highest followed by drumstick leaves, spinach and papaya. Lutein content of drumstick leaves was 1.5 times higher compared to spinach. a-carotene was detectable only in carrot while lycopene was detected only in papaya. The fatty acid composition of different vegetable oils is given in Table 2 . The unsaturated fatty acid content was higher in sunflower oil, olive oil and soybean compared to peanut [ palm [ coconut oil. The medium chain fatty acid content (\C14) was higher in coconut oil compared to all other oils. However, soybean alone contained linolenic acid (C18:3, 6.6%) and peanut oil contained docosanoic acid (C22:0, 4%), while the oleic acid (C18:1, 78%) content was higher in olive oil.
Effect of dietary fat content on micellarization of carotenoids from carrot, spinach, drumstick and papaya Addition of 0.5-5% olive oil increased the micellarization of lutein, b-carotene, a-carotene and lycopene from carrot, drumstick leaves, spinach, and papaya (Table 3) . However, lutein micellarization from spinach and drumstick leaves was higher with 1% olive oil, and remained similar thereafter. The extent of increase in carotenoid micellarization remained similar after 5% dietary fat, indicating saturation. Therefore, all the subsequent experiments were performed with 2.5% dietary fat.
Effect of food matrix and carotenoid polarity on micellarization
Extent of b-carotene micellarization was dependent on the food matrix in the order of papaya [ spinach = drumstick leaves [ carrot (Fig. 1a) . Among the carotenoids, the micellarization of lutein was higher from drumstick leaves compared to b-carotene while it was higher from papaya compared to lycopene (Fig. 1b) .
Effect of type of vegetable oil on micellarization carotenoids from vegetables and fruits
The micellarization of carotenoids increased due to addition of all types of vegetables oils (2.5% w/w) from carrot (BC and AC), spinach (Lutein, BC), drumstick leaves (Lutein, BC) and papaya (BC and lycopene) (Table 4) . However, the extent of increase in micellarization of carotenes was higher with oils rich in unsaturated fatty acids (olive = soybean = sunflower) compared to oils rich in saturated fat (peanut = palm [ coconut), with the exception of lutein which remained independent of the type of dietary fat. Interestingly, micellarization of all the carotenoids was lowest with coconut oil, rich in saturated, but medium chain fatty acids.
Effect of dietary fat on intestinal cell uptake of bcarotene and lutein from spinach Cellular accumulation of lutein from the micellar fraction of spinach was higher compared to b-carotene either in the absence or presence of dietary fat (Fig. 2A) . The uptake of lutein was increased with the addition of dietary fat, but it remained independent of the type of dietary fat used. In contrast, b-carotene uptake was dependent on the type of dietary fat used, akin to its micellarization. Further, a positive relationship was observed between b-carotene content in the micellar fraction with that of its cellular accumulation as evidenced by Pearson's correlation (R = 0.975 and p \ 0.001) and regression analysis (r 2 = 0.925, Fig. 2B ).
Discussion
Micellarization is a prerequisite for intestinal absorption of dietary carotenoids, which in turn is influenced by food matrix, physicochemical properties of carotenoids and dietary fat. Our results demonstrate that addition of dietary fat (0-10%) increases the micellarization of lutein from spinach (22-62%) and drumstick leaves (27-59%), bcarotene from carrot (4.8-26.2%), spinach (7.2-32%), drumstick leaves (5.2-29%) and papaya (8.2-48%), acarotene (4.6-28%) from carrot, and lycopene from papaya (3.4-19.2%). Further, the micellarization of carotenes increased dose dependently from 0 to 2.5% dietary fat followed by saturation, while the saturation of lutein micellarization required only 1% dietary fat. (Veda et al. 2007; Bhaskarachary et al. 1995; Chitchumroonchokchai et al. 2004; Pullakhandam and Failla 2007) . The minor differences observed in carotene content among test foods are likely due to natural seasonal and cultivar variations. The fatty acid composition of vegetable oils was also consistent with published results (Johnson and Saikia 2009; Failla et al. 2014 ). Co-consumption of dietary fat is known to increase the carotenoid absorption in humans (Jayarajan et al. 1980; Brown et al. 2004; Unlu et al. 2005; Goltz et al. 2012) . Previously, we and others have demonstrated that inclusion of fat during simulated in vitro digestion increases micellarization, explaining the higher absorption observed in humans (Pullakhandam and Failla 2007; Chitchumroonchokchai et al. 2004) . It was postulated that dietary fat mediates the transfer of carotenes from lipid droplets to the aqueous micellar fraction and thereby facilitates their micellarization (Borel et al. 1996; Rich et al. 2003) . In the absence of dietary fat, micellarization of lutein exceeded that of other carotenoids. Addition of 0.5-10% dietary fat increased the micellarization of all the carotenoids compared to its absence, and is in agreement with that of previous observations with mixed salads (Failla et al. 2014 ). However, increments in micellarization were higher between 0 and 2.5% dietary fat compared to 2.5-10%, which could be due to saturation or limiting amounts of bile salts and other reagents present.
The carotene pigments have been reported to exist as either crystalline (carrot) or in fat globule like structures in green leaves (Schweiggert et al. 2012 (Schweiggert et al. , 2014 Xia et al. 2015) . Among the test foods the micellarization of b-carotene was higher from papaya [ spinach = drumstick [ carrot. In agreement with these results, better accessibility of carotenoids from papaya and mango (consisting of fat globule like carotene pigments) compared to carrot and tomato (crystalline carotenoids) have been reported (Schweiggert et al. 2012 (Schweiggert et al. , 2014 . The higher micellarization of carotenoids from papaya and green leaves could be explained by better partitioning of carotenoids from lipid droplets into aqueous phase compared to crystalline carotenoids in carrot. Among the carotenoids, lutein micellarization was higher compared to b-carotene = a-carotene [ lycopene. In agreement with these Fig. 1 Effect of carotene distribution and polarity on efficiency of carotenoid micellarization: A b-carotene micellarization was compared among test foods to understand the effect of food matrix on micellarization. B The lutein, BC and lycopene micellarization was compared amongst drumstick leaves and papaya (both contain carotenoids in fat globules) to understand the effect of polarity of carotenes with that of efficiency of micellarization. The bars represent mean ± SD of 6 observations, and the bars with different superscripts differ significantly (p \ 0.05) The percent efficiency of micellarization was computed considering the carotenoid content in test food as 100%. Data are mean ± SD for 6 observations generated in two independent experiments. Means without a common superscript in a row differ significantly (p \ 0.05) results the absorption of lutein was found to be 5 times higher compared to b-carotene in humans ( Van het Hof et al. 1999) . Further, micellarization of lycopene was also found to be lower compared to other carotenoids (Huo et al. 2007; Failla et al. 2014) . It was postulated that polar carotenoids such as lutein reside at the surface of the lipid droplet and can be transferred directly to the aqueous phase while non-polar carotenoids reside inside the lipid droplet and needs dietary fat for their transfer to the aqueous phase (Borel et al. 1996; Rich et al. 2003) . Higher micellarization of lutein (even at lower dietary fat) compared to b-carotene in green leaves, and lower micellarization of lycopene compared to b-carotene from papaya, lends further support to the above notion. Together, these results imply that the efficiency of carotenoid micellarization decreases with increased hydrophobicity, and is independent of the type of food matrix. However, b-carotene micellarization was higher from papaya compared to spinach and drumstick leaves. It has been reported that lutein interferes with the transfer of b-carotene from oil emulsions to mixed micelles in vitro (Tyssandier et al. 2001) . Therefore, higher lutein content in the latter might inhibit the b-carotene micellarization from green leaves. Nevertheless, the b-carotene micellarization remained similar from spinach and drumstick leaves, despite the latter containing twofold higher lutein levels. It is therefore likely that other food matrix components might influence the carotene micellarization. The relative micellarization of carotenoids decreased in the order of olive = soybean = sunflower [ peanut = palm [ coconut oil independent of the food matrix. These results are similar to the observations with spinach and mixed salad digested with long chain unsaturated fatty acids (Nagao et al. 2013; O'Connell et al. 2008; Failla et al. 2014) . For instance, the micellarization of b-carotene from spinach was found to be higher with unsaturated fatty acids compared to saturated fat (Nagao et al. 2013) . In this study oleic acid (monounsaturated) better facilitated the micellarization compared to polyunsaturated fatty acids (linoleic acid and a-linolenic acid) from spinach supplemented with 0.1% fat. Further, studies in human subjects also reported higher absorption of carotenoids when supplemented with fat rich in monounsaturated fat (Clark et al. 2000; Goltz et al. 2012) . Despite the fact that monounsaturated fatty acid content of olive oil is twofold higher compared to soy and sunflower, the extent of micellarization with these fat sources remained similar in the present study, which could be due variations in amount of dietary fat and source of lipids (fatty acylglycerols vs oils) used for digestion reactions. In contrast, carotenoid micellarization from a mixed vegetable salad was found to be slightly but significantly higher from soybean oil compared to olive oil (Failla et al. 2014) . However, in the present study the effect of these two oils remained similar, which could be due to differences in food matrix used for the digestion reactions. The lowest micellarization of carotenoids, including lutein with coconut oil could be explained by its higher content of medium chain fatty acids. The primary role of dietary fat is to facilitate the release of carotenoids from food matrix and their subsequent micellarization (Borel et al. 1996; Rich et al. 2003) . The short chain fatty acids with low relative hydrophobicity may not efficiently facilitate the release of carotenoids from plant pigments leading to their poor micellarization. Consistent with this notion, dietary triacylglycerols with long-chain rather than medium-chain fatty acids reported to enhance the micellarization and absorption of b-carotene (Nagao et al. 2013; Huo et al. 2007; Borel et al. 1998) .
The intestinal absorption of carotenoids from mixed micelles is mediated by various proteins including SR-B1 and NPC1L1 (Mashurabad et al. 2016; Reboul 2013) . The carotene structure and micellar lipid composition might influence the intestinal cell uptake of carotenoids from mixed micelles. The intestinal cell uptake of lutein exceeded that of b-carotene, from micellar fraction of spinach, in differentiated Caco-2 cells, is in agreement with in vitro and human studies (Pullakhandam and Failla 2007; Van het Hof et al. 1999) . The uptake of lutein remained independent of type of dietary fat while the uptake of bcarotene was higher with dietary fat rich in unsaturated fat compared to saturated fat, akin to its micellarization. Further, there is a positive relationship between b-carotene uptake and its content in micellar fraction (R 2 = 0.925), implying that micellar b-carotene concentration, rather than type of fat determines the intestinal absorption. In agreement with these results dietary fat reported to impact on micellarization but not on intestinal uptake (Huo et al. 2007 ). Alternatively, preconditioning of intestinal cells with fatty acids reported to increase or decrease the uptake and transcellular transport of carotenoids (Failla et al. 2014; Mashurabad et al. 2016) . Therefore, the effects of fatty acids on intestinal carotenoid absorption are likely to be mediated by post-absorptive mechanisms via modulating the lipid transporter expression rather than micellar fat composition per se.
The major limitations of the current study are 1. In contrast to previous studies we did not find difference in carotenoid micellarization among olive oil (rich in MUFA) compared to sunflower or soy bean oil (rich in PUFA). 2. We also did not study the carotenoid-esters, isomers or other competing phytochemicals to reliably comment on food matrix effects. 3. The carotenoid pigment ultrastructures are not experimentally verified in the present study.
Conclusion
The results demonstrate that a fairly low amount of dietary fat (1-2.5%) is sufficient to enhance micellarization of dietary carotenoids. Carotenoid micellarization was dependent on the food matrix, the degree of polarity and type of dietary fat used. A general trend of higher micellarization was observed with dietary fat rich in unsaturated fatty acids. However, intestinal uptake of b-carotene was dependent on carotenoid concentration in mixed micelles but not on the type of dietary fat. Therefore, consumption of carotenoid rich foods with a reasonable amount of dietary fat may be advocated to optimize the carotenoid absorption.
